Background: Subjective cognitive decline (SCD) is characterized by self-reported cognitive deficits without measurable cognitive impairment. It has been suggested that individuals with SCD exhibited brain structural alterations in widespread cortical thinning or gray matter loss in the medial temporal and frontotemporal regions. Apolipoprotein E (APOE) ε4 allele is thought to be a genetic marker associated with risk of SCD. Neuropsychiatric symptoms may provide insight in detecting higher-risk elders for early Alzheimer's disease as well. Therefore, we aim to explore the characteristics of brain morphology in SCD and to determine whether it is influenced by APOE ε4 as well as neuropsychiatric symptoms in SCD.
Background
Subjective cognitive decline (SCD) is a clinical state characterized by subjective cognitive deficits without measurable cognitive impairment. Individuals with SCD may show a higher risk for biomarker patterns indicative of Alzheimer's disease (AD) pathology, suggesting that SCD are at an increased risk for progressing to mild cognitive impairment (MCI) or AD [1] [2] [3] [4] . Indeed, individuals with SCD constitute a heterogeneous population. To identify the specific characteristics of SCD that are associated with an increased likelihood of AD with affordable and easily accessible measures could help imply appropriate candidates for early detection in AD.
Previous studies have identified that individuals with SCD showed structural gray matter volume reductions and cortical thinning in the bilateral entorhinal cortex [5] , medial temporal, and frontotemporal regions [6] compared to cognitively normal elders without cognitive complaints. While particular regions of the brain may be involved in the underlying pathology of AD, some abnormalities may also be present in a widespread form, thus producing global alterations to brain structure at a very early stage. SCD has known associations with an AD-like pattern of gray matter atrophy [7] , and the widespread cortical thinning is associated with faster subsequent decline in memory [8] . Many studies have examined the brain volumetric and thickness measures in SCD; there is a scarcity of research investigating cortical surface area, an increasingly used brain morphology metric, which is ontogenetically and phylogenetically distinct from cortical thickness [9] . The cortical surface area is determined by symmetrical division of progenitor cells from the ventricular and subventricular zones of cortical layers, while the cortical thickness is formed by the asymmetrical division of radial glia [10] . Recent research has demonstrated that surface-based structure analysis may offer stronger statistical power than volume-based analysis in capturing subtle structural alterations as well as the effect of apolipoprotein E (APOE) genotype [11, 12] . Our previous work using combined resting-state functional and structural MR have found no gray matter differences in SCD compared to controls [13] . Thus, in this study, we employed surface-based analysis to detect cortical morphology which would be better suitable to manifest the subtle structural changes under early stages.
APOE ε4 allele is a well-established genetic risk factor for progression of sporadic AD, and influence of APOE genotype in SCD has aroused growing interests [14, 15] . Longitudinal studies have demonstrated that both memory complaints and APOE ε4 allele predict clinical cognitive decline in cognitively intact elderly individuals and additive effects were shown in individuals with both factors [16] . Recent meta-analysis indicated APOE ε4 was significantly associated with risk of having SCD in cognitively normal subjects as well as developing to AD in SCD [17] . Studies have found the significant interaction of SCD and APOE ε4, in which SCD APOE ε4 carriers performed worse on the episodic memory and showed smaller left hippocampal volumes [18] , while other studies have not observed the differences associated with APOE ε4 statue in glucose metabolism and medial temporal lobe atrophy in SCD [19] . Thus, the APOE ε4 genetic effect on brain neurodegeneration as early as in SCD population remains ambiguous.
Another emerging line of research focusing on the association between neuropsychiatric symptoms (such as symptoms of depression and anxiety) and AD pathophysiologic abnormalities has suggested subtle neuropsychiatric symptoms as manifestations of AD progression [20] and higher risk for greater cognitive decline [21] . Previous studies have found depressive symptoms and higher trait neuroticism in SCD [22] . Longitudinal studies also have found that higher amyloid beta burden at baseline was associated with increasing anxious-depressive symptoms over time in cognitively normal older individuals [23] , supporting that neuropsychiatric symptoms may provide insight in detecting participants at higher risk for preclinical AD. Cortical surface area is extensively used to detect brain structural alterations in psychiatric disorders [24, 25] . However, there is a lack of studies on whether and how neuropsychiatric symptoms are affecting the cortical surface area in SCD population.
For reasons above, we aim to investigate the characteristics of the cortical surface area in individuals with SCD compared to controls, and whether APOE ε4 statue and neuropsychiatric symptoms (e.g., depressive and/or anxiety) influenced the cortical surface area, which may help improve the sensitivity of structural imaging studies to provide a separate morphologic index of SCD with genetic and neuropsychiatric risk factors. We hypothesized that the cortical surface area would decrease in SCD compared with control subjects, and APOE ε4 allele may have additive effect on cortical reduction. We also estimated that subtle neuropsychiatric symptoms would be associated with cortical surface area alterations in SCD.
Methods

Participants
This study is part of the Sino-Longitudinal Cognitive Impairment and Dementia Study (SILCODE), which aimed to predict cognitive decline by utilizing neuroimaging techniques in the diagnosis and treatment of preclinical AD. SILCODE is a multicenter-based longitudinal observational study in China, mainly focusing on SCD, and also includes individuals with MCI, mild AD dementia, and control subjects. All subjects participated in a standardized clinical evaluation and physical examination, provided their medical history, had blood work taken, performed a battery of neuropsychological assessments, and received a structural MRI. Glucose metabolism and amyloid positron emission tomography were selectively conducted based on individual agreement.
The study was registered on ClinicalTrials.gov (Identifier: NCT03370744). The study protocol was approved by the institutional review board at Xuanwu Hospital in Capital Medical University, and all participants completed a written informed consent before taking part in study procedures.
Participants in the present study were recruited from March 20, 2017, to February 27, 2018, including 138 righthanded Han Chinese subjects (65 SCD and 73 controls) recruited from Xuanwu Hospital. A semi-structured interview used by the DELCODE study was employed for all participants to evaluate the details of self-reported cognitive decline [26] . The information about the onset time, concerns, comparison with others, and the history of visiting a physician not only memory domain but also language, attention, and executive were documented. Meanwhile, the informant reports in the evaluation of the self-reported information were also performed [27, 28] . SCD is defined with the following criteria [1] : (1) self-experienced persistent decline in memory rather than other domains of cognition within the last 5 years, (2) concerns related to SCD and a feeling of worsened performance when compared to others of the same age group as expressed to physicians via the structured interview, (3) cognitive decline confirmed by an another informant, and (4) performance on standardized neuropsychological tests within age-, gender-, and education-adjusted norms and failure to meet the criteria for MCI or dementia [29] . Individuals with no cognitive complaints or any concerns via the structured interview and normal performance on the standardized neuropsychological tests were included as controls.
Exclusion criteria are as follows: (1) current major psychiatric diagnoses such as severe depression and anxiety [e.g., Hamilton Depression Rating Scale (HAMD) > 24, Hamilton Anxiety Rating Scale (HAMA) > 29] . When mild and moderate symptoms of psychiatric diagnosis are suspected, patients will be not be excluded [30] . They will be evaluated by a psychiatrist to clear if the psychiatric diagnoses are the cause of SCD; (2) other neurological conditions which could cause cognitive decline (e.g., cerebrovascular disease, brain tumors, Parkinson's disease, encephalitis, or epilepsy) rather than AD spectrum disorders; (3) other diseases which could cause cognitive decline (e.g., thyroid dysfunction, severe anemia, syphilis, or HIV); (4) history of psychosis or congenital mental growth retardation; (5) cognitive decline caused by traumatic brain injury; (6) those who could not complete the study protocol or with contraindications for MRI.
Neuropsychological assessments
The neuropsychological test battery included tests that measure cognitive functioning in the domains of memory, language, and executive function. Auditory Verbal Learning Test-immediate recall (AVLT-IR), Auditory Verbal Learning Test-delayed recall (AVLT-DR), and Auditory Verbal Learning Test-recognition (AVLT-R) were administered to assess memory; Semantic Verbal Fluency Test (ANIMALS) and the Boston Naming Test (BNT) were administered to assess language; and Shape Trails Test Parts A and B were administered to assess executive function. In addition, all subjects were administered the Mini-Mental State Examination (MMSE), Montreal Cognitive Assessment Basic Version (MoCA-B) [31] , Clinical Dementia Rating (CDR), Hamilton Depression Rating Scale (HAMD), Hamilton Anxiety Rating Scale (HAMA), and the Functional Activities Questionnaire (FAQ) to assess functioning across several different clinically relevant areas.
APOE genotyping
DNA sequences for each subject were extracted for SNPs rs7412 and rs429358 from the APOE ε2/ε3/ε4 haplotype. APOE was genotyped using the standard Sanger sequencing method (Sangon, Shanghai, China) with the following primers: 5′-ACGCGGGCACGGCTGTCCAAGG-3′ (forward) and 5′-GGCGCTCGCGGATGGCGCTGA-3′ (reverse). APOE was amplified using the following conditions: 1 cycle of 98°C for 10 s, 35 cycles of 72°C for 5 s, 1 cycle of 72°C for 5 min. PCR was performed in a final volume of 30 μl containing 10 pmol of forward and reverse primers, and 50 ng of genomic DNA template using PrimeSTAR HS DNA Polymerase with the GC Buffer (Takara Bio). In all, APOE genotype detection in 64 SCD and 70 controls were obtained. Due to the hemolysis of blood samples, we do not have the APOE genotype results of one SCD and three controls. When we considered the APOE effect in brain structure and behavior in SCD and controls, we excluded these four subjects.
MR data acquisition
All participants were scanned on an integrated simultaneous 3.0 T TOF PET/MR (Signa PET/MR, GE Healthcare, WI, USA). 3D BRAVO T1-weighted sagittal images were obtained using the following parameters: repetition time/ echo time = 6.9 ms/2.98 ms, flip angle = 12°, inversion time = 450 ms, field of view = 256 × 256 mm 
Imaging analysis
For structural MR analyses, T1-weighted images were preprocessed by Connectome Computation System [32] (https://github.com/zuoxinian/CCS). This pipeline integrated multiple analysis platforms for processing multimodal brain imaging data. Briefly, the whole workflow included as follows: (1) spatially adaptive non-local means de-noising, (2) rough inhomogeneity correction, (3) align image into MNI space, (4) inhomogeneity correction, (5) intensity normalization, (6) non-local intracranial cavity extraction [33] , (7) gray matter/white matter segmentation, and (8) surface reconstruction. Steps from 1 to 6 were implemented in volBrain pipeline (http://volbrain.upv.es) [34] . The "recon-all" command in FreeSurfer (v6.0, https:// surfer.nmr.mgh.harvard.edu) was used to run surface reconstruction. This pipeline has been previously described and well-validated to assess the cortical thickness (mm) and surface area (cm 2 ) [35] [36] [37] . The entire procedure reconstructed individual surface models of white and gray matter surfaces and mapped brain morphometric measures of total cortical volume, and bilateral cortical surface area and cortical thickness onto these surface models [37] .
In surface-based approaches, for each hemisphere, cortical thickness values were calculated as the shortest distance between the cortical gray/white boundary to the gray/CSF boundary, containing all FreeSurfer cortical regions of interest. The vertex-wise cortical surface area was calculated as the mean area of the associated triangular region. Total cortical volume is the product of thickness and surface area at each location across the cortical mantle.
Additionally, we also proceeded to calculate cortical volume values and bilateral surface area and thickness within a well-established large-scale network atlas containing default mode, dorsal and ventral attention, sensory motor, visual, fronto-parietal, and fronto-temporal, known as the seven-network parcellation proposed by Yeo et al. [38] . The annotation file of this parcellation on a fsaverage template was first resampled onto a subject native surface template to obtain the individualized the seven-network parcellation. Based on these individualized parcel information, the bilateral surface area as well as cortical thickness and cortical volume values over these networks was calculated by averaging all values inside the same network.
To detect the possible structural alterations in specific fronto-temporo-parietal cortices and gyri, the bilateral surface area and cortical thickness value in the frontal lobe, parietal lobe, temporal lobe, occipital lobe, cingulate, parahippocampal gyrus, and insula were calculated (see Additional file 1: Text S1 and Table S1-S7). Default mode network has been found to exhibit a breakdown of functional connectivity in AD even at an early stage. Thus, we calculated the surface area and cortical thickness value in regional components within the default mode, including bilateral posterior cingulated cortex (PCC), left prefrontal cortex (PFC), right medial PFC, right ventral PFC, parahippocampal cortex, bilateral temporal regions, and bilateral parietal regions to explore whether the cortical alterations have been found in SCD (see Additional file 1: Text S2 and Table S8-S12).
Statistical analysis
SPSS (version 24.0, IBM) was utilized for statistical analyses. Group differences in demographic measures were tested using the independent samples t-test and the chisquare analyses for continuous and categorical variables, respectively. To compare cognitive variables, the twoway analysis of covariance (ANCOVA) was conducted with age, gender, and years of education as covariates. To compare the group differences in cortical morphometric features, independent samples t-test analyses in individuals with SCD and controls were conducted. For network-level morphometric measures, the ANCOVA was performed with intracranial volume as a covariate. To further explore whether the APOE genotype affects cortical morphometry in SCD, a two-way ANCOVA was performed to examine the existence of this interaction effect with phenotype (SCD vs. controls) and APOE genotype (ε4 carriers vs. non-carriers). The covariates for this analysis were age, gender, and years of education. Only findings with a two-tailed P < 0.05 (Bonferroni corrected) were reported. To determine the relationships between the cortical surface area and neuropsychiatric variables (HAMA and HAMD), a multiple linear regression analysis was conducted in the SCD group within the cortical surface area and total cortical volume. Age, gender, and education level were considered as covariates. Table 1 summarizes the demographic characteristics and neuropsychological test results in all participants. The proportion of APOE ε4 carriers in the SCD and control groups were 25% and 20%, respectively. No significant differences were found in age, gender, education level, or APOE ε4 prevalence between the SCD and control subjects (all P > .1). There were significantly higher scores in the HAMA and HAMD (all P < .001) and poorer AVLT recognition (P = .005) performance in individuals with SCD, while discrepancies among other neuropsychological test scores were not significant. Figure 1 and Table 2 show the significant differences in cortex volume and bilateral surface areas between the SCD and control groups (P < .05; Bonferroni corrected). Compared with the controls, individuals in the SCD group showed decreased total cortical volume, as well as decreased surface area in each hemisphere. There was no significant reduced cortical thickness in the individuals with SCD when compared to controls (Table 2) . Furthermore, the SCD-related decrease in surface area seems to aggravate in APOE ε4 carriers (P = .086; Table 3 ; Fig. 1 ).
Results
Behavioral results
Between-group comparisons of cortical morphometric features
Between-group comparisons of morphometric features on networks
There were no significant differences (Bonferroni corrected) of surface area and cortical volume in the visual, somatomotor, dorsal attention, ventral attention, limic, frontoparietal, and default networks between the SCD and control groups. The differences of cortical thickness and surface area in the frontal lobe, parietal lobe, temporal lobe, occipital lobe, cingulate, parahippocampal gyrus, and insula, as well as in bilateral posterior cingulated cortex (PCC), left prefrontal cortex (PFC), right medial PFC, right ventral PFC, parahippocampal cortex, bilateral temporal regions, and bilateral parietal regions within default mode, were not significant after Bonferroni correction.
Relationship between cortical surface area and neuropsychological variables
In the SCD group, there was a significant negative correlation between the HAMA and right hemisphere surface area (r = − 0.328, P = .0088; Fig. 2a) . Moreover, the negative correlation between the HAMA and surface area was significant in non-carriers in the SCD group (r = − 0.350, P = .016; Fig. 2b ). The correlation was reanalyzed after removing the two extreme HAMA score (> 20) values; however, the significant negative correlation between the HAMA and surface area in the right hemisphere remained essentially unchanged (r = − 0.289, P = .024). Both correlations between the HAMD and recognition scores and surface area were not significant. There was no significant correlation between the HAMA and surface area in controls (r = − 0.165, P = .181).
Discussion
In line with previous literature [5, 39, 40] , this study data indicated decreased cortical volume and surface area in the SCD group as compared to controls; however, there were no significant differences in structural alterations based on functional cortical networks. This suggests that the changes in global cortices in individuals with SCD were attributed to entire networks extensively, which may be related to intact cognitive performance. Cognitive complaints and APOE ε4 may have addictive effects on cortical surface area decline (P = .086; Table 3 ). Notably, anxiety scores were higher in SCD individuals and negatively correlated with surface area significantly in SCD APOE ε4 non-carriers.
Elevated anxiety and depression scores were found in the SCD group as compared to normal controls, which is similar with previous studies [21, 41] . It is possible Fig. 1 a-c Group differences in the cortex volume and bilateral surface area with a distribution of surface features in APOE ε4 carriers and non-carriers that neuropsychiatric problems may act as an early risk factor for the decline in cognitive state, or alternatively, that neuropsychiatric problems perhaps be a prodromal symptom of upcoming cognitive impairment [21] . The Mayo Clinic Study of Aging conducted with a large sample of cognitively normal elders revealed that anxiety symptoms were associated with reduced insular thickness even after the result was adjusted for comorbid depressive symptoms, thus suggesting a structural alteration correlated to subclinical anxiety [42] . Consistent with the prior study [42] , we found anxiety scores were negatively associated with the cortical surface area in SCD ε4 non-carriers, indicating anxiety could influence the structural changes gene-independently. One meta-analysis suggested there was no association between APOE carrierships or zygosity and neuropsychiatric symptoms including anxiety [43] .
Previous research found that correlation between hippocampal volume reduction and late-life depression was not mediated by amyloid deposition [44] , indicating neuropsychiatric symptoms may be associated with differences in pathway to brain morphemic alterations. This association which is not significant in SCD ε4 carriers verified our speculation that APOE ε4 and anxiety works on surface area distinctly and the relation between anxiety and cortical area reduction may be covered. Converging evidence showed a different atrophy pattern between APOE ε4 carriers and ε4 non-carriers [45, 46] . In young individuals (< 65 years old), APOE ε4 did not present detrimental effects and non-carriers showed severe cortical thinning [46] . In our study, SCD individuals were relatively young and association with anxiety may be eliminated. We cannot rule out the possibility that neuropsychiatric Data is expressed as the means ± SD; 95%CI, 95% confidence interval; covariates include age, gender, and year of education; ε4 + was APOE ε4 carriers while ε4 -was non-carriers symptoms had less impact on the surface area in ε4 carriers due to some unrevealed factors. The lack of association in SCD ε4 carriers may also result from our sample size with ε4 carriers, so a large sample and longitudinal analyses are required. Our research indicates that neuropsychiatric problems play an important role in SCD, especially in APOE ε4 non-carriers. It may be beneficial to take subthreshold anxiety problems into consideration in SCD without APOE risk gene in clinical practice. We found some enrichment of APOE ε4 in the SCD group (25%) as compared to the normal controls (21%), though it was not statistically significant between groups. In the study conducted by Zhang et al., the estimate for APOE ε4 carrier prevalence in SCD is 29% [47] , which is similar to the results of this study. Further, a trend for the interaction between cognitive complaints and APOE genotype was found in predicting surface area reduction. Some previous research focusing on SCD and APOE ε4 genotype also showed a synergistic indicative effect for objective episodic memory decline [48] and hippocampal volume [18] . Though it is not significant, which may be due to the small sample, our results added to these works by suggesting the synergistic effect of SCD and APOE ε4.
It is interesting to mention the findings that both interaction between cognitive complaints and APOE genotype on surface area, and association between the HAMA and surface area were located in the right hemisphere. Donix et al. found APOE ε4 could modulate hemispheric asymmetry in cortical thickness, which is more significant in healthy controls. In AD patients, the asymmetry was less dependent on the APOE genotype [49] . So, one possible reason for the asymmetry interaction found in our study might be the differences in the effect of APOE ε4 on asymmetry between NC and SCD. The association between the HAMA and surface area found in our study is consistent with the "right hemisphere hypothesis" proposed by Gainotti [50, 51] , which indicates a general dominance of the right hemisphere for all emotions. He found the hypothesis was supported by results from patients with frontotemporal lobar degeneration [52] , but this assuming in AD patients still needs further study.
This data showed significant group difference in AVLT recognition between SCD and controls, while the performance of SCD was still within the age-adjusted normal range. The word recognition testing has been found sensitive to early memory impairments [53, 54] and progression to AD dementia in subjects with MCI [55] . The medial temporal lobes (MTL), especially the hippocampus, play an important role in successful memory retrieval [56] . Previous studies have showed that poorer recognition memory was associated with reduced MTL volume [57] and middle temporal gyrus connectivity [58] . Thus, whether the perceived memory decline in SCD is due to impaired encoding and consolidation of episodic information or a disruption in the retrieval of stored memory information remains a question worthy of future analysis.
In the current study, decreased cortical volume and surface area were found in the SCD group when compared to controls. Previous theories suggest that although cortical surface area and thickness were highly Fig. 2 The relationship between the surface area and HAMA scores. a There is a significant negative correlation between the HAMA and surface area in the right hemisphere in SCD. b The negative correlation between the HAMA and surface area was significant in non-carriers in the SCD group heritable, they were related to distinct genetic influences. The genetic influence on the surface area was explored to a greater degree, and early growth and development of the brain was found to be critical [59, 60] . The results of our study suggest that the cortical surface area rather than other metrics is influenced by genetic and emotional factors simultaneously, indicating that the surface area may be a more sensitive indicator for predicting AD. On the other hand, the discrepancy may be due to the differences in research standards and long continuous progress durations for individuals with SCD.
The present study presents some limitations and sheds an important light on the direction of future research. First, this is a cross-sectional data. The on-going multicenter longitudinal study, SILCODE, plays an important role in verifying the current assumptions and aims to establish a comprehensive estimation model for early detection as well as prediction in SCD. Second, with respect to interpretation of the correlation between the HAMA score and surface area in SCD ε4 carriers, the limited sample size should be taken into consideration. Third, in this study, we only used a HAMA single test to evaluate the anxiety symptoms for subjects with SCD. It would be important to include wider psychological tests to capture the neuropsychiatric performance in a more comprehensive manner.
Conclusions
The current study focuses on the ability of cortical morphology in SCD individuals to interact with APOE genotype and anxiety thereby predicting cognitive decline, and hopes to improve the understanding of heterogeneity in SCD and enrich clinical trials on SCD. In conclusion, certain genetic and affective problems, namely APOE ε4 and subclinical anxiety symptoms, were identified as risk factors of early-stage AD and may modulate brain structural marker expressions in SCD.
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